Atomic force microscopy (AFM) is widely used in the study of both morphology and mechanical properties of living cells under physiologically relevant conditions. However, quantitative experiments on timescales of minutes to hours are generally limited by thermal drift in the instrument, particularly in the vertical (z) direction. In addition, we demonstrate the necessity to remove all air-liquid interfaces within the system for measurements in liquid environments, which may otherwise result in perturbations in the measured deflection. These effects severely limit the use of AFM as a practical tool for the study of long term cell behavior, where precise knowledge of the tip-sample distance is a crucial requirement. Here we present a readily implementable, cost effective method of minimizing z-drift and liquid instabilities by utilizing active temperature control combined with a customized fluid cell system. Long term whole cell mechanical measurements were performed using this stabilized AFM by attaching a large sphere to a cantilever in order to approximate a parallel plate system. An extensive examination of the effects of sphere attachment on AFM data is presented. Profiling of cantilever bending during substrate indentation revealed that the optical lever assumption of free ended cantilevering is inappropriate when sphere constraining occurs, which applies an additional torque to the cantilevers 'free' end. Here we present the steps required to accurately determine force-indentation measurements for such a scenario. Combining these readily-implementable modifications, we demonstrate the ability to investigate long term whole cell mechanics by performing strain controlled cyclic deformation of single osteoblasts.
I. INTRODUCTION
Studies have shown that cells readily align in response to cyclic substrate stretching. 1, 2 However, changes in the stretching force applied to the cell due to cellular remodeling and associated changes in the active contractility of the actin cytoskeleton have not been reported for such studies. Force measurement has been implemented in macroscale experiments whereby cell seeded collagen scaffolds were cyclically stretched at constant strain rates. 3 The active contribution of the cells was isolated and it was demonstrated that lower strain rates resulted in higher steady state forces following several hours of cyclic deformation. This behavior cannot be explained by standard passive viscoelastic material models which predict higher stresses at higher strain rates. A recent computational investigation of the response of cells to cyclic stretching using an active bio-chemo-mechanical model suggests a link between dissociation of the actin cytoskeleton and reduction in cellular tension during cyclic loading. 4 This model provides an explanation of the strain rate effects observed by Wille et al. 3 However, in order to validate this theory, strain controlled cyclic deformation must be applied to single cell studies whereby the resultant forces are measured and the corresponding cell remodeling visualized over a physiologically relevant time period.
In this paper, we present the modifications required to adapt an atomic force microscope (AFM) to perform such a study. Using the modified system described here, the goal is to apply strain controlled uniform loading of the whole cell while measuring forces generated at a single cell level. AFM is an ideal candidate due to the significant force resolution and displacement precision available. Pico-Newton scale force measurements at sub-nanometer displacement precision can routinely be obtained. This is in comparison to other deformation systems where the accuracy of force measurement is in the range of 1-10 nN. 5, 6, 7 AFM has been used extensively for measurements of single cell mechanics over timescales ranging from seconds to minutes; however, issues arise when measurements are performed over longer timescales. Here we demonstrate that uncertainties in the tip-sample distance, which are due to thermal drift (z-drift) will, if uncorrected, introduce significant errors in AFM measurement of single cells over longer timescales. It is also demonstrated in the current paper that perturbations in the z-axis due to instabilities associated with liquid motion (liquid instability), may impose severe limitations in the application of AFM over large timescales, the extent of which is often not fully considered. To highlight the importance of precise displacement control, whole cell cyclic deformation at a strain rate of 0.1 Hz was performed for both an unmodified and modified system. Whole cell deformation was achieved by attaching a Ø150 µm sphere to the end of a tipless cantilever, the bottom of which acted as a planar surface for uniform loading, comparable to a parallel plate system. Examination of the cantilever bending profile revealed that the optical lever system assumption of free ended cantilevering is inappropriate when the sphere becomes constrained resulting in an additional torque being applied to the cantilevers leading edge. Here we present a practical methodology to correct such data in order to obtain the true force-indentation profile.
The modifications described within this paper enable displacement controlled AFM operation in liquid over long timescales which has great potential to be applied to other fields of research where long term stability is a requirement.
II. DISPLACEMENT CONTROLLED OPERATION
Before cell deformation experiments could be performed, it was first necessary to verify displacement control for a model system. Displacement controlled operation was initially achieved in air and then in a liquid environment, where the additional effects of liquid instability had to be accounted for.
A. Experimental design
Our goal was to minimize z-drift in the instrument without sacrificing system stability or incorporating any additional noise. Z-drift values are reported as the slope of a linear fit to 1 hour of z-displacement data and the relative noise in the system is indicated by the parameter z-sdev, which is the standard deviation of 1 hour of z-displacement data after subtracting the linear fit. By subtracting the fit from the data, a more accurate indication of system stability can be obtained since the impact of drift on this value is minimized. Here we define long term performance as z-drift and z-sdev over a 5 hour period as it approximates the time after which the cells used in this study are no longer viable on the AFM stage.
All work was performed using a MFP-3D AFM (Asylum Research, USA) combined with an Eclipse Ti microscope (Nikon, Japan). The system was positioned on a vibration isolation Measurements were performed by monitoring the z-displacement required to maintain a constant force (≈ 60 nN) on a rigid substrate (Z integral gain = 1.0) in response to the deflection of a cantilever (Lever C, NSC36/AlBS, k ≈ 0.6 N/m, MikroMasch, Spain).
Temperatures were recorded using a USB-TC (Measurement Computing, USA) via Igor Pro (Wavemetrics, USA) by custom software at 5 discrete locations on the AFM (K-type thermocouples, Radionics, Ireland). All temperature and z-displacement data were collected using a sampling rate of 1 Hz unless otherwise stated. The acoustic isolation hood doors were kept closed during all experiments unless stated otherwise. All measurements were performed from the same initial system configuration ('cold system') defined as having the hood doors closed, the inverted microscope powered off and AFM controller on with the laser off for a period of 10 hours.
A TempControl 37-2 digital controller and heating unit (Zeiss, Germany) was used in experiments where active temperature control was required. The temperature control unit was mechanically isolated from the AFM system to suppress acoustic and vibration noise. An operating temperature of 35°C was chosen such that the instrument was kept above room temperature to reduce the influence of external temperature fluctuations whilst keeping below the maximum operating temperature of 40 °C specified by the instrument manufacturers. This temperature is also close to the optimal temperature of 37 °C for mammalian cells which extends the viability of the sample on the AFM stage. We define the system as a 'warm system' when thermal stability is reached.
B. Measurements in air
To elucidate the magnitude of z-drift under standard operating conditions (without active temperature control) measurements were performed on a glass slide in air over a period of 18 hours, Figure 1 . Starting from a 'cold system', the laser and inverted microscope were powered on and temperatures within the isolation hood were observed to rise due to thermal dissipation. An offset was observed between thermocouple locations however, the rate of temperature increase was similar for all positions (data not shown After 5 hours of equilibration, the z-drift for the unmodified system was found to be 111.56 ± 112.97 nm/hr compared to 9.28 ± 5.41 nm/hr for the modified system, Figure 1b ). This significant improvement in performance is primarily due to operating above the unmodified equilibration temperature of the system which negates the impact of slow variations in temperature due to instrument heat dissipation. There was no significant difference in system stability observed, with a z-sdev of 4.62 ± 1.08 nm for the unmodified system compared to z-sdev of 4.94 ± 0.46 nm for the modified system, Figure 1c ). Minor adjustments such as laser positioning, AFM head and sample stage positioning were performed through the side portal window of the acoustic isolation hood. Such operations
were not found to affect stability if performed in less than 1 minute.
Previous studies frequently state thermal equilibration times ranging from 60 minutes 20, 21 to several hours 22,23 , however, it is clear from our results that substantially longer times may be required in order to reach thermal equilibrium in the absence of active temperature control. These results highlight the need for a more systematic approach to alleviating z-drift when conducting measurements over long time periods.
For the modified system, it was found that fully opening the acoustic isolation hood doors for 10 minutes required a period of 5 hours to reestablish stability (data not shown). As such, all major adjustments to samples and cantilevers were performed within a ten minute period, after which the system was left for 5 hours to re-equilibrate to a 'warm system'. Best z-drift performance was found using the GBPD with a value of 2.98 ± 2.82 nm/hr compared to 12.51 ± 5.26 nm/hr for the glass slide and 148.37 ± 41.72 nm/hr for the BioHeater™. Again the stability of the system was found to be comparable in all cases. The origin of the high z-drift in the BioHeater™ system is unknown but may be attributed to the complexity of the design with a range of thermal expansion coefficients present (PEEK body, glass coverslip, O-ring, and a metal retaining ring). From these results, it is evident that the GBPD has the lowest drift rate and so represented the best candidate for stable operation in liquid.
C. Measurements in liquid
Having demonstrated good stability in air the GBPD was then tested in liquid (phosphate buffered solution, PBS) using a 'warm system' over a period of 5 hours.
With the GBPD open to the environment the system was unstable with changes in z-displacement of over 100 nm observed, Figure 3a ). These perturbations are attributed to liquid movement arising from evaporation. of trapped air (not removed during setup) or air bubbles formed (due to nucleation or when highly gas permeable tubing is used) within the system resulted in liquid instability (n = 10), see supplementary material. 24 The addition of even a small volume of air (0.008 cm 3 ) to the closed fluid cell resulted in instability. Therefore the use of gas impermeable tubing and bringing the liquid to system temperature prior to use was important. Additionally, prior to experiments it was essential that air was completely expelled from the system. This was achieved by positioning the setup at such an angle that trapped air was forced through the system, exiting via the outlet tubing. Visual inspection of the transparent tubing and fluid cell verified the system remained air free. No liquid instability was observed when the fluid cell was assembled such that all air was expelled, Figure 3c ).
Combining the customized closed fluid cell with active temperature control represents a practical method for obtaining displacement controlled AFM over long timescales with readily implementable modifications to any commercial system. The z-drift performance under physiologically relevant conditions was found to be 6.33 ± 3.90 nm/hr with a z-sdev of 2.40 ± 0.29 nm over a 5 hour period, Figure 3c ). This represents a 17 fold improvement in zdrift and 2 fold improvement in system stability when compared to the operation of an unmodified AFM system in air. This combined with the ability to injecting cells via the side portal window of the acoustic isolation hood and using thermally equilibrated samples enables a displacement controlled system to be reestablished less than 10 minutes after injection.
III. CANTILEVER MODIFICATION FOR WHOLE CELL DEFORMATION
AFM based force spectroscopy is typically performed on localized regions of a cell using a cantilever with a nanoscale tip 25, 26 or by attaching a small colloidal sphere. 27, 28 This results in relatively localized measurements of cells, which are inhomogeneous by their nature. Furthermore, the application of uniformly distributed cell loading, using a standard AFM tipless cantilever is generally impractical due to its narrow geometry and angle of inclination (typically 10-15°). Therefore, AFM cantilever modifications are required where the application of a more uniform stress and strain field to a cell is a requirement. Here we present a method whereby we attach a large microsphere (Ø 150 µm) to the end of a tipless cantilever. The bottom of the sphere then forms the effective top planar surface for more uniformly distributed loading of the cell (for cell radius << sphere radius). The spheres used in this study are over 3 times larger than those used in previous studies, and as such provide a closer approximation to the planar surface assumption over the contact area and also allows for the investigation of larger cells.
29,30
Specifically, a Ø 150 µm glass microsphere (Whitehouse Scientific, UK) was attached to the end of a tipless cantilever (Lever F, NSC12/Tipless/AlBS, k ≈ 0.65 N/m, MikroMasch, Spain). Cantilever deflection due to the weight of the sphere was calculated to be no greater than 1 µm post-attachment. Sphere attachment was performed using a two part epoxy (Loctite, Henkel Corp.) and a combined micro-manipulation/optical microscope setup.
Scanning electron microscopy verified microsphere positioning on the leading cantilever edge post-attachment. The velocity of the cantilever during force curves was restricted to a maximum of 2 µm/s in order to minimize any hydrodynamic force contribution.
31,32

A. Cantilever calibration
Quantitative AFM force measurements require the accurate calibration of the cantilever. For optical lever systems this involves calculating (i) the cantilever stiffness and
(ii) optical lever sensitivity, OLS.
In the current study accurate calculation of the cantilever spring constant was not achievable using the thermal method 33 due to the additional mass of the attached sphere.
Instead, the spring constant was determined after sphere attachment according to the added mass method proposed by Cleveland et al. 34 Spring constant values ranged from 0.3 -0.5 N/m and were within ± 20 % of values obtained prior to sphere attachment via the thermal method.
OLS calibration is taken as the ratio of the change in voltage signal from the photodetector to the distance moved by the cantilever when pressed against a rigid substrate.
The linear slope of the resulting voltage-displacement curve provides the OLS in units of V/nm. Friction between the sphere and substrate results in uncharacteristic voltagedisplacement curves. As the sphere slides along the substrate, friction results in the loading and unloading sections of the curve often exhibiting a substantial hysteresis. 35, 36, 37 Consequently, obtaining an accurate linear slope of the voltage-displacement curves can prove difficult. In this study, the mean of the slopes of the loading and unloading data was calculated as the best estimate of OLS, as previously reported by Chung et al.
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It is important to note that even though optical lever measurements are usually reported as a deflection, it is the change in slope of the cantilever that is actually detected.
When the cantilever deflects, the slope changes and this causes the laser to move across the detector.
B. Cantilever bending profiles: 'sliding' versus 'constrained'
Application of the calibrated cantilever stiffness and OLS in order to obtain the applied force is only accurate when the cantilever behaves as a free ended cantilever. If friction between the sphere and substrate is sufficient to inhibit sphere sliding, the cantilever will no longer act as a free ended cantilever due to a rotation constraint at the cantilevers leading edge. Finite element simulations (Abaqus, Dassault Systemes, RI, USA) of cantilever loading were used to investigate this phenomenon. A cantilever, inclined at 11°, with a sphere attached to the leading edge was loaded against a rigid substrate until a 1 µm deflection was achieved. Two cases were considered: (i) frictionless sliding of the sphere along the substrate, herein referred to as a 'sliding sphere' (Figure 5a )), and (ii) a 'constrained sphere' with no sliding permitted (Figure 5b) ). The term constrained sphere is used in the following to describe a sphere that does not slide along the substrate, leading to a rotational constraint on the end of the cantilever. Additionally, experimental SEM visualization of the deflection for sphere sliding (Figure 5c) ) and sphere constraining (Figure 5d) ) was performed using a modified sample stage. In Figure 5c ) the sphere is free to slide along a glass substrate, whereas in Figure 5d ) a point on the bottom of the sphere is fixed in space.
The finite element simulations and SEM images produced comparable results in which a clear difference in the cantilever bending profile between sphere sliding and constraining is evident. For the case of a sliding sphere, the bending profile is similar to that of a free ended cantilever (Figures 5a) and 5c)). For the constrained sphere, an additional torque is applied preventing rotation at the leading edge of the cantilever, so that the beam is essentially cantilevered at both ends ( Figures 5b) and 5d) ). The influence of substrate material on cantilever bending shape was shown by side profiling the cantilever during indentation of glass (Figure 6b) ) and silicone (Figure 6c) ).
Confocal reflection microscopy was used to create z-stacks of the cantilever (the attached sphere is not shown in Figure 6 for clarity). A clear difference in the cantilever bending profile for glass and silicone is evident even though the cantilever deflection () is identical for both materials. The cantilever bending profile against glass appears similar to that of a free ended cantilever and is comparable to that shown in Figure 5 suggesting sphere sliding is not inhibited by the glass substrate. The cantilever bending profile for silicone suggests the sphere is constrained, thus constraining rotation of the end of the cantilever (similar to the SEM image in Figure 5d) ). This difference in bending profile would result in the photodetector measuring a larger change in voltage (slope change) for a glass substrate (Figure 6b) ) than for a silicone substrate (Figure 6c) ) even though the actual deflection (δ) is identical for both. Therefore, the conversion of measured voltage change (slope) to cantilever deflection is not applicable when sphere constraining occurs; as this conversion is based on the assumption of a free ended cantilever.
As it was not possible to characterize the bending profile of the cantilever during the course of an AFM experiment, here we propose that monitoring of the horizontal displacement of the sphere during indentation will indicate if sphere constraining occurs.
Image analysis (ImageJ, National Institutes of Health, USA) of the spheres front edge during substrate loading in PBS found that 1 µm of cantilever z-displacement resulted in sphere forward displacement of 0.61 ± 0.03 µm for glass (n=5). In contrast, no detectable sphere forward displacement (0.04 ± 0.08 µm) was observed for a silicone substrate (n=5). 
C. Correction of force-indentation measurements
It has been demonstrated that the cantilever does not act as a free ended beam when sphere constraining occurs. A constrained sphere applies an additional torque at the leading edge of the cantilever and thus affects AFM measurements in two ways:
(i) The conversion of measured slope to reported deflection does not follow that of a conventional AFM where free rotation of the cantilever is assumed. As will be demonstrated in the following, the determination of an appropriate correction factor is dependent on laser spot positioning on the cantilever.
(ii) The force-deflection relationship changes. Rotation at the cantilevers leading edge is prevented by a constrained sphere, resulting in a cantilevering of the beam at both ends. Hence the spring constant of an equivalent free ended cantilever cannot be used to convert deflection to applied force.
Accounting for these relationship changes is vital for accurate determination of AFM measurements for a constrained sphere, i.e. when standard calibration for a sliding sphere scenario (e.g. OLS calibration on glass) is no longer sufficient. Here, we describe the steps required to correctly determine AFM measurements for the case of a constrained sphere.
(i) Relationship between measured slope and cantilever deflection
Conversion of the reported change in voltage from the photodiode to the actual cantilever deflection is dependent upon identifying whether a constrained sphere or a sliding sphere case is present. Again, this is due to the difference in slope along the cantilever for these two conditions, as shown in Figure 6 . A sliding sphere allows the cantilever to behave as a free ended beam, whereas a constrained sphere results in a beam that has rotation fully constrained at both ends. The forward displacement of the sphere was shown above to be negligible compared to the z-displacement of the cantilever; therefore, as there is sufficient friction between the sphere and substrate, rotation of the end of the cantilever is fully constrained, as indicated in Figure 6 . Analytical solutions from simple beam theory are used to compute the slope profiles along the axis of a cantilever (Figure 7a) ) when identical end deflections are imposed in both cases. Finite element simulations were used to verify these results. Clearly, the difference in slope between the constrained and sliding sphere is a function of axial position (x) along a cantilever of length L. Only at a cantilever position of x/L = 0.66 is the slope identical for both cases. The ratio of sliding slope to constrained slope is shown in Figure 7b ). It can be observed that the slope ratio is highly sensitive to axial position near the leading edge of the cantilever (x/L > 0.9).
As demonstrated in Figure 7 , in order to determine the correct deflection for the case of a constrained sphere, it is essential that the laser spot position on the cantilever is known.
In this study, an optimum laser spot position of x/L=0.8 was chosen. This position was selected as a compromise between the maximum OLS at the leading edge of a cantilever for the sliding sphere (i.e. during calibration on glass) and the maximum OLS at the middle of the cantilever for the constrained sphere (e.g. during subsequent experimental measurement of cells or silicone). At x/L = 0.8 a constrained sphere profile will result in the measurement of a slope that is 1.5 times lower than the slope that would be measured at this position for a sliding sphere with an identical end deflection (as indicated by the dashed line in Figure 7b) ).
Therefore, in cases where sphere constraining occurs, when the laser spot position is at x/L = 0.8, a correction factor of 1.5 must be applied to the default AFM deflection measurement in order to obtain the correct deflection. (ii) Force-deflection relationship
The force-deflection relationship differs for a sliding sphere and for a constrained sphere. As discussed above, simple beam theory allows the sliding sphere case to behave as a free ended beam and the constrained sphere case to behave as a beam with rotation fully constrained at both ends. Therefore, the correction factor that accounts for the different forcedeflection relationship may be determined by comparing the analytical solutions for identical beam deflections for constrained and sliding beams. Hence, the force applied by the cantilever is four times higher for the constrained case:
In summary, to correctly determine the deflection and force measured for the case of a constrained sphere, the slope change recorded by the AFM has to be corrected according to Figure 7b ) and is only dependent on the relative axial position of the laser spot along the cantilever. In our experiments, the laser is positioned at x/L = 0.8, therefore a slope-deflection correction factor of x1.5 is implemented. Due to rotation constraint at the cantilever leading edge, the cantilever stiffness is four times higher than that of a free ended cantilever.
Validation of the slope-deflection and force-deflection relationship changes was achieved by indenting silicone of a known elastic modulus. The OLS was calibrated on glass in PBS. Force-deformation measurements were performed on the silicone in PBS at 5 separate locations. Figure 8 shows the force (mean ± standard deviation) at 10 sample indentation depths for both the uncorrected and corrected data. The uncorrected default AFM data reports a maximum force of 0.48 ± 0.08 µN at an indentation of 0.9 µm. This resulted in a calculated elastic modulus of 0.05 MPa. Application of the correction factors determined above to the data results in a maximum force of 2.88 ± 0.47 µN at a corrected indentation depth of 0.4 µm. This resulted in an 18 fold increase in elastic modulus of 0.94 MPa. Tensile testing (0-10 % strain) of four sections of the silicone substrate indicated the elastic modulus to be 0.92 ± 0.08 MPa, which was within 2 % of the corrected AFM data.
The uncorrected AFM data resulted in a substantial (18 fold) underestimation of the silicone's elastic modulus. This highlights the significant error that can arise when a changing cantilever bending profile is not considered and illustrates the necessity of careful interpretation of reported AFM measurements.
Previous studies have attempted to account for the effects of altered cantilever bending. A theoretical paper by Edwards et al. developed correction factors to account for the effects of cantilever tilt and induced torque on force measurements. 38 Furthermore, Evans et al. described equations to determine cantilever deflection for different loading scenarios. 39 However, to the authors' knowledge, the current paper presents for the first time, a practical methodology that accounts for both the altered cantilever stiffness and altered deflection to correctly determine AFM force-indentation measurements when cantilever bending is altered by constraining during contact. The methodology described here requires only the monitoring of the forward displacement of the sphere during loading in order to determine whether constraining occurs and therefore decide whether the correction factors are applied. Failure to apply the correction factors for the case of a constrained sphere will have a significant impact on the force-indentation measurements reported.
IV. APPLICATION OF DISPLACEMENT CONTROLLED AFM TO WHOLE CELL
MECHANICS
Displacement controlled AFM has a number of potential applications, in particular in the field of cell mechanics. Here, we demonstrate this system to investigate the effects of cyclic deformation, directly comparable to the macroscale study by Wille et al. The key requirements are continuous uninterrupted cyclic cell deformation (constant strain rate) and uniform loading of the cell (whole cell deformation).
It is important to note that a comprehensive single cell investigation is beyond the scope of the present paper and will be presented in a follow-on article. Here we simply demonstrate that the stabilized system developed in this study must be used for single cell strain controlled cyclic deformation and highlight the significant errors that can occur in applied cell strain when an unmodified system is used.
A. Unmodified versus modified system
To highlight the importance of precise displacement control, cyclic cell deformation was performed for both an unmodified (open GBPD and no temperature control) and modified system. MC3T3-E1 osteoblasts (ATCC-LGC Standards, UK) were cultured according to the method described by McGarry et al. 26 Suspended cells in PBS were injected into the fluid cell via the inlet tube valve through the side portal window of hood. An additional 10 minutes was allowed for cell attachment to the glass substrate and system equilibration. The initial cell height was determined by force-displacement curves as the difference between the glass substrate and the cell. Phase contrast optical microscopy allowed aligning of the microsphere above the center of the cell, Figure 9 . The cell was then subjected to cyclic compression from 0 % to 25 % deformation (relative to initial cell height) at a frequency of 0.1 Hz for a period of 36 minutes.
Accurate determination of the cell deformation data required knowledge of the cantilever bending profile during cell indentation. Inspection of the sphere during 2 µm cell indentation showed the sphere did not move forward (0.00 ± 0.13 µm) and therefore sphere constraining occurred (n=5). Consequently, all force data reported here was corrected using the factors identified in Section III(c). However as the cells used in this study have an elastic modulus no higher than 7 kPa 40 it was not necessary to apply an indentation depth correction, since the deflection is much smaller than the piezo z-displacement for these experiments. From force-displacement curves taken on the substrate before and after each experiment the z-drift value can be obtained, Table I . The sphere-surface distance decreased by 1.50 µm for the unmodified system versus 0.02 µm for the modified system, as shown in Figure 10 (g).
This resulted in an actual cell indentation (relative to the initial cell height) of 40.95 % for the unmodified system, compared to the desired value of 25 %. In contrast, a value of 25.26 % was achieved using the modified system.
In Figure 10 the first (c, d) and last (e, f) cell deformation cycles for each system are also shown. For both systems the first cycle shows a non-linear increase in force during compression. Hysteresis is observed during the unloading half of the cycle. For both systems the force value at the end of the cycle is lower than the starting point. The final cycle at 36 minutes reveals significant differences between the modified and unmodified system. In the unmodified system, the final cycle (e) starts at a negative force (~ -42 nN). During the early stages of the loading half-cycle the force rapidly increases to a value of 0 nN. This is followed by an intermittent plateau at ~0 nN, followed by further force increase to a peak value of 175.8 nN. In comparison the last cycle (f) in the modified system starts at 0.6 nN, beginning with a rapid increase in force and then continuing along a similar force-strain curve to that observed for the first cycle. 3 For the unmodified system considered in the present study the continuous increase in force occurs due a continuously increasing level of cell compression, from 25 % at the start of the experiment to ~41 % at the end of the experiment, due to z-drift. Additionally, the increasingly negative minimum forces obtained for the unmodified system indicates the cell is being stretched at the upper end of the deformation cycle, suggesting that the passive viscoelastic behavior of the cell begins to dominate the response of the cell at such elevated applied strains (20 % higher than the desired level). Clearly the forces measured using the unmodified system are dominated by the influence of z-drift, preventing reliable measurement of active force changes due to cytoskeletal remodeling.
The force profile obtained using the modified system contrasts sharply with data presented for an unmodified system. For the modified system, the initial decrease in maximum forces observed is characteristic of passive viscoelastic component of the cell material. However, the increase in maximum force to a steady state during the subsequent 22 minutes of cycling cannot be explained in terms of cell viscoelasticity. It is suggested that this slight increase in force is a result of remodeling of the cell actin cytoskeleton in response to cyclic deformation. 4 The data presented are similar to a broad pattern of behavior previously observed for cells cyclically stretched at 0.1 Hz within a collagen matrix. 3 In that study, isolation of the force contribution of the actin cytoskeleton from the total measured force revealed initial viscoelastic force reductions followed by slight force increases to a steady state following 30 minutes of cycling.
Analysis of individual force-deformation cycles reveals that a rapid increase in force occurs during the initial stages of the loading half cycle throughout the test (Figure 10(c-f) ).
If contact would have been broken during the unloading half cycles, the initial stages of the subsequent loading cycles would exhibit a run-in region of zero force until contact was established. This behavior was not observed in either the modified or unmodified system, demonstrating that the cell is in contact with the sphere at all times during the experiments.
Phase contrast images were taken every 100 seconds and indicated that the cells under investigation remained centered under the sphere and did not significantly change from their original diameters (± 1.6 µm limited by optical resolution), Table I . It would be expected that adherent cells such as these would generally spread to a diameter in excess of 40 µm during a 36 minute time period, as was observed for adjacent non-deformed cells. It is believed the constant cyclic deformation inhibited the cell spreading process. It is suggested that the remodeling of the actin cytoskeleton in response to applied cyclic strain inhibited its contribution to the spreading process.
A full investigation of the active cell forces during cyclic deformation is beyond the scope of this paper but the initial data presented here indicates that the displacement controlled technique represents an ideal single cell alternative to a microplate system to study cytoskeletal remodeling over long time scales, allowing precise force measurement and accurate control of cell strain and cell strain rate. With this long term stable system we have the ability to apply precise mechanical stimulation and accurately monitor the evolution of cell forces while simultaneously observing the cytoskeletal dynamics via optical techniques e.g. fluorescent microscopy (epi-/confocal). Additionally, the role of cytoskeletal remodeling in cell spreading will also be investigated using this system, given that initial results suggest that cyclic stretching affects the dynamic process of cell spreading.
V. CONCLUSION
In summary, we have developed a readily implementable, cost effective method of modifying an AFM for z-displacement controlled operation in both air and liquid over long timescales. For operation in air, we demonstrated that after 5 hours of equilibration, the zdrift for the unmodified system was 111.56 ± 112.97 nm/hr compared to 9.28 ± 5.41 nm/hr for the modified system. This represents over a 10 fold improvement in performance in air whilst not significantly altering the system stability This study demonstrates the importance of eliminating thermal drift for all AFM studies on long timescales where continuous accurate knowledge of the tip-sample separation is required and cannot be obtained using conventional methods. Whilst specialized commercial systems are currently available that offer similar z-drift stability, our method of achieving displacement control can be readily implemented on existing AFM systems.
Displacement controlled AFM has many applications including nano-manipulation, dynamic behavior monitoring, and deformation controlled measurements.
Whole cell deformation was achieved by attaching a large sphere to a cantilever in order to approximate a parallel plate configuration. It was found that careful reinterpretation of reported AFM data was required to account for sphere constraining. Sphere constraining applies an additional torque to the cantilever leading edge and thus changes the slopedeflection and force-deflection relationships used in optical lever systems. By applying the methodology presented in this study it is possible to correctly determine force and indentation where the cantilever is considered to be either a free ended beam (e.g. OLS on glass) or a beam with a constrained contact (as was the case for our cell indentation measurements).
Combining these readily implementable methods of performing whole cell deformation with our displacement controlled AFM setup we obtained preliminary data which demonstrates the potential of our system to investigate the biomechanical response to long term cyclic loading of whole cells.
